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ABSTRACT

The conductance for CO, diffusion in the mesophyll of leaves
can limit photosynthesis. We have studied two methods for de-
termining the mesophyll conductance to CO, diffusion in leaves.
We generated an ideal set of photosynthesis rates over a range
of partial pressures of CO; in the stroma and studied the effect
of altering the mesophyll diffusion conductance on the measured
response of photosynthesis to intercellular CO, partial pressure.
We used the ideal data set to test the sensitivity of the two
methods to small errors in the parameters used to determine
mesophyll conductance. The two methods were also used to
determine mesophyll conductance of several leaves using meas-
ured rather than ideal data sets. It is concluded that both methods
can be used to determine mesophyll conductance and each
method has particular strengths. We believe both methods will
prove useful in the future.

The photosynthetic fixation of CO, occurs at the enzyme
Rubisco that is at the end of a complex diffusion path. The
partial pressure of CO, drops across any part of the pathway
that has a low conductance. Therefore, any low-conductance
component of the diffusion path poses a limitation to photo-
synthesis whenever CO, is not saturating. The conductance
to diffusion of CO, in photosynthesizing leaves is commonly
divided into three components: boundary layer, stomatal, and
mesophyll conductances (9). Mesophyll conductance has
sometimes been defined in such a way that it includes bio-
chemical factors, but we use it here in the more restricted
sense of a physical diffusion phenomenon. These conduct-
ances may be subdivided further or lumped together in var-
ious ways (21), but the simple three-part formulation serves
our purpose.
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Because CO, and water vapor share a common diffusion
path from the air to the spaces inside leaves, analysis of water
vapor fluxes allows accurate estimates of the boundary layer
and stomatal diffusion conductances. These conductances to
water vapor can be converted to conductances for CO, by
dividing the stomatal conductance by 1.6. Both the stomatal
and boundary layer conductances to CO, will be lumped and
called g.> A number of studies (17, 20, 27) have confirmed
the validity of such estimates of the conductance to CO,
diffusion through the boundary layer and stomata provided
no stomatal heterogeneity occurs (28).

The mesophyll conductance is much more difficult to assess
and has often been assumed to be negligibly small (11).
However, the plants used to verify models of photosynthesis
typically had high rates of photosynthesis that facilitated
measurements but probably also selected for plants with high
gm. Indeed, indirect evidence based on stable isotope fraction-
ation and the response of photosynthesis to CO, indicated
that g, was large (10). However, this may not hold for plants
with thick leaves or with low rates of photosynthesis (22).

Nobel (21) estimated g, by considering each step of the
CO; diffusion path (cell wall, plasmalemma, cytosol, chloro-
plast envelope, and stroma) and estimating the diffusion path
length, area available for diffusion, and the diffusion coeffi-
cient for each step. This method is not practical for measure-
ments on a large number of plants. Troughton and Slatyer
(29) estimated g, by assuming that departures in the response
of photosynthesis to CO, from Michaelis-Menten kinetics
were caused by gm.

A low g, reduces C. and so methods for estimating C. can
be used to estimate g,. Three methods for estimating C, and
from that estimating g., have recently been published. The

2 Abbreviations: g, stomatal conductance to CO, diffusion (this
can be converted to the more often reported conductance to water
vapor diffusion by multiplying by 1.6); A, photosynthetic CO, assim-
ilation; C,, ambient CO, partial pressure; C., partial pressure of CO,
inside the chloroplast; C;, partial pressure of CO, in the air spaces
inside leaves; gn, mesophyll conductance to CO, diffusion; I'*, CO,
compensation point in the absence of Rg; J, rate of photosynthetic
electron transport; Ry, respiration occurring during the day not related
to photorespiration; RuBP, ribulose bisphosphate; pCO, partial pres-
sure of CO,.
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first relies on the fractionation of stable carbon isotopes during
photosynthesis. The degree to which the discrimination of
Rubisco is expressed during intact leaf photosynthesis depends
on the ratio C./C, (8, 18). Because the leaf discriminates
against '>)CO,, air that passes over a leaf will be enriched in
13CO,. By trapping the CO, from an airstream passing over a
leaf, Evans ef al. (6) were able to determine the discrimination
expressed by the leaf and, from that, C.. This technique works
well but requires a ratio mass spectrometer as well as a vacuum
line adjacent to a gas analysis system for trapping CO,. The
isotopic method for determining g, will not be discussed
further in this paper; instead we shall focus on two other
methods that do not require a ratio mass spectrometer. The
methods we shall describe are more likely to find widespread
use and may provide a confirmation of the isotopic method
(19).

One method, described by Bongi and Loreto (1), exploits
the fact that when RuBP regeneration (i.e. J) limits photosyn-
thesis, photosynthesis continues to increase with increasing C;
because of the suppression of photorespiration. The response
of photosynthesis to CO, under these conditions depends
upon C. and the specificity of Rubisco for CO, relative to O,.
The specificity of Rubisco in C; plants can be measured in
vitro (15, 16, 31, 32) and can be estimated by gas-exchange
analysis (2). By knowing the response of photosynthesis to C;
under RuBP-limited conditions and the specificity of Rubisco,
it is possible to estimate g.. This method is valid only when
J is constant. We have added the use of Chl fluorescence to
the method described by Bongi and Loreto (1) as a rigorous
method for estimating when J is constant. We shall call this
the constant J method.

Another method, proposed by Di Marco et al. (5), relies on
Chl fluorescence quenching analysis to estimate J. From the
rate of electron transport and photosynthetic CO, assimila-
tion, the rate of photorespiration can be calculated. From the
rate of photorespiration and the specificity of Rubisco, C. can
be calculated. We shall call this method the variable J method.
These two modeling methods require only a gas-exchange
system and Chl fluorescence analysis.

In this report, we develop the theory behind these two
methods and determine the sensitivity of the analyses to errors
in the estimation of critical parameters such as the rate of Ry
occurring during photosynthesis and the specificity of Rubisco
for CO,. In the accompanying report, these two methods are
compared with the isotopic method and used to determine g,
in a number of plant species (19).

THEORY

The drop in CO; partial pressure as CO, diffuses from the
atmosphere to the chloroplast stroma is inversely proportional
to the conductance of each step. Thus

A= (G - C)-g/P=(C—C)gn/P, (1

where P is the atmospheric pressure.

The units of conductance depend upon how the driving
force is expressed (4). Current units for stomatal conductance
are usually defined with the mole fraction (mixing ratio)
implicit. Because mole fraction is unitless, the units for con-
ductance appear the same as those for photosynthesis (4).
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However, as CO, diffuses into the mesophyll, it must enter
the liquid phase of the mesophyll cell. The amount of gas that
dissolves in a liquid depends upon the partial pressure of the
gas above the liquid according to Henry’s law. If the dissolu-
tion of CO, into the liquid phase or diffusion through the
liquid phase are the predominant components of g, then it
is most appropriate to use partial pressure for the driving
force, which leads to conductance units of mol m™2s™' bar™".
We will follow the precedent laid down by von Caemmerer
and Evans (30) and express g, in these units. This conduct-
ance is directly comparable to g; when the atmospheric pres-
sure is 1 bar.

Current models of C; leaf photosynthesis assume that car-
boxylation of RuBP by Rubisco is limited by one of three
factors (7, 14, 23, 24). These are (a) the activity of Rubisco,
(b) the regeneration of RuBP, or (c) the release of phosphate
during the metabolism of triose phosphate to either starch or
sucrose. Over periods of several hours to several days photo-
synthesis will be limited by both CO, availability and light
availability; it is only over short measurement intervals that
photosynthesis can be considered to be limited predominantly
by one or another factor (25).

When Rubisco activity limits photosynthesis, the following
equation describes A:

chax ° Cc ( P*

- C. + Kc-(1 + O/Ky) : - a) - Ry, 2)

where Vemax is the Vo of Rubisco for carboxylation, K¢ is
the K., of Rubisco for CO,, O is the partial pressure of O,,
and K, is the K; of Rubisco for O,. For our purposes, K¢, Ko,
and I'* are assumed constant at 25°C with values at 200 mbar
O, of K¢ = 274 pbar, K, = 420 mbar, and I'* = 43.08 ybar.
Substituting C; — A/g. for C., Equation 2 becomes

= chax'(Ci - A/gm)
(G = A/gm) + Kc-(1 + O/Ko)

A

A

I‘*
' (1 TG - A/gm)> "R G

When RuBP regeneration limits photosynthesis
(C—Algm) = T*
4-(Ci — A/gm) + 2T™)

the 4 arises by assuming 4 electrons per carboxylation or
oxygenation (11). The rate of electron transport can be esti-
mated from PFD assuming the empirical relationship

0.24 PFD

A=]

Rq, 4)

1=+ 022 pryn ™ %)
where J . is a theoretical maximum rate of J (13).
Equation 4 can be rearranged to
4.(Ci — A/gm) + 2T*
J= (A + Ry, 2(G = Alg) + 2% ©

G - A/gm) —T*

This equation applies to photosynthesis regardless of what
assumptions are made about what limits photosynthesis and
so can be used when electron transport is limiting (light is
saturating) and when it is not.

The first method for estimating g, from gas-exchange



MESOPHYLL CONDUCTANCE THEORY 1431

analysis assumes that J is constant with changes in pCO,. To
estimate g, a value of g, is assumed and used in Equation
6. This is done for three or more points of a CO,-response
curve of A in which the fluorescence data indicated that J was
constant. The variance [Z%,(J. — J;)*/(n — 1), where J, is the
average value of J and J; is the value for J for each Cj] is then
calculated. The value of g, that gives the minimum variance
is the best estimate of g, by this method. The constant J
method has the advantage that it can be based on a number
of measurements of gas exchange, reducing the effect of error
in individual measurements.

The constant J method is only valid when J is constant
with changes in pCO,. The rate of electron transport is highly
regulated, falling when either Rubisco or phosphate release
limits A, and the precise range of pCO, over which this
method is valid is not obvious from CO,-response curves of
photosynthetic CO, assimilation (26). To avoid ambiguities,
we propose to use Chl fluorescence analysis to determine that
range of pCO, over which J is constant. Although the exact
relationship between J and Chl fluorescence quenching is
uncertain, all methods agree that if there is no change in PFD
and the various quenching parameters, then J also remains
constant. If less than saturating PFD is used, it is easy to
obtain a wide range of pCO; over which J is constant.

The variable J method is also based on Equation 6, but
instead of assuming that J remains constant, J is estimated
from Chl fluorescence parameters. Rearranging Equation 6

allows g, to be calculated directly
A
B U +8A+RI @)
' J—4.(A+ Ry

Advantages of the variable J method are that estimates can
be made at specific CO, partial pressures and J need not be
constant. Disadvantages are that errors in gas-exchange and
fluorescence measurements affect the estimates of g and that
uncertainties about the relationship between fluorescence pa-
rameters and J make estimates of g, by the variable J method
less robust.

METHODS
Chl Fluorescence

Chl fluorescence yield was measured with a PAM fluorom-
eter from Heinz Walz (Effeltrich, Germany). The end of the
polyfurcated fiber optic light guide was held at 45° to the leaf
surface. For the constant J method, we identified the range of
pCO, over which fluorescence yield did not change with pCOs..
For the variable J method, we determined J as described by
Cornic and Briantais (3). From Genty et al. (12)

J = kAF/F,, ®

where k is some proportionality constant that depends upon
the PFD and could vary from leaf to leaf and between different
measuring systems, F, is fluorescence yield during a saturat-
ing pulse of light, and AF is the difference between F, and F;,
the steady-state fluorescence yield. The value for k was deter-
mined by measuring the rate of photosynthesis and fluores-
cence yield under nonphotorespiratory conditions (>1000

wubar CO, or <20 mbar O, or both). Because the PFD was
maintained constant, changes in AF/F,, were related to J as
described by Equation 8 and J was determined for every
measurement of AF/F,.

Gas Exchange

Measurements of gas exchange were made as described in
the accompanying paper (19).

RESULTS
Constant J Method

A theoretical response of photosynthesis was generated to
help determine the effects of g, on gas-exchange characteris-
tics of leaves. To this ideal CO, response we introduced a
finite g, (Fig. 1). As g was reduced from infinity (where C.
= (), the rate of photosynthesis at a given C; declined. The
family of curves in Figure 1 was analyzed by determining the
variance in J as the estimate of g, was changed. The results
are shown in Figure 2. The variance reached a minimum
(zero in this case of ideal data) at the value of gn used to
generate the curve, as expected. We found that the variance
was well behaved with a single minimum. The minimum was
sharpest at the lowest value for g.. At the highest value of gm,
the minimum in variance occurred over such a large range
that it is of little use in estimating g

The constant J method was fairly insensitive to errors in
R4 but substantially more sensitive to errors in I'* (Fig. 3). In
both cases, the error was greater when g,, was high than when
it was low. For g < 0.4 mol m~2 s™! bar™', the error intro-
duced by a + 10% error in the estimation of Ry was less than
3%. The error in the estimate of g, was more strongly affected
by errors in I'* when g, = 0.4 mol m~% 'bar™!, a 10%
underestimate of I'* resulted in a 32% underestimate of g,
and a 10% overestimate resulted in a 92% overestimate of gm.

Typical experimental data obtained using a leaf of Quercus
rubra is shown in Figure 4. Although A increased over the
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Figure 1. An ideal data set generated using the equations in the
“Theory” section. Irradiance was assumed to be 750 umol m™2 s~
and temperature was 25°C. Different responses of A to C; were
generated by imposing different values of g as indicated on the
figure.
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20 C.. The error in the estimate of g, introduced by a +5% error

| actual gm in T'™* or Ry and a 2% error in J is shown as a function of C;

in Figure 6. In all cases, the sensitivity to errors was relatively

05 - \ . 828 low between 100 and 300 pbar C;, but outside this range the
— .20 sensitivity was so great that the results could become unreli-

8 \ ----0.10 able. We investigated several methods to test the sensitivity
5 1.0 - \ — 0.05 of the data to errors (data not shown). In the end, we settled
g on a relatively simple test; any set of data that satisfied our
> \ criterion was accepted and any set that fell outside the bounds
05 o we set was ignored. The method we developed is based on the

\ relationship between C. and A + Ry. Assuming I'* is fixed,

N there is a family of curves representing different values of J

0.0 apnc " P (Fig. 7). We found that if the slope of the curve was too great,

00 02 04 06 08 10
gm m2s-1bart

Figure 2. Variance as a function of gn as determined by the constant
J method using the data of Figure 1.

whole range of pCO,, fluorescence reached a plateau at 350
pbar (Fig. 4A). The best fit of the model of photosynthesis
when g, is assumed infinite (C. = C;) (Fig. 4B) underestimated
the CO; sensitivity of photosynthesis over that region where
fluorescence indicated that J was constant. Next, data in that
region where RuBP regeneration was constant were used to
find the variance in estimates of J assuming various values
for gn (Fig. 4C). The minimum variance occurred at g, =
0.083 mol m™2 s™! bar™'. In this measured data set, the
variance did not reach zero as it did in the ideal data sets, but
a single, distinct minimum was observed. The model of
photosynthesis was fit to the data again, this time assuming a
gm of 0.083 mol m™2 s™' bar™'. With this assumption, the
model predictions for the CO, response of photosynthesis
were closer to the measured values (Fig. 4D) than when g,
was assumed to be infinite (Fig. 4B). The introduction of g,
required much more Rubisco activity and a higher J to
account for the rates of photosynthesis.

Variable J Method

The constant J method worked well over a large range of
CO,, but to resolve the effect of CO, on g, required the
variable J method. The effect of CO, on g, was determined
using Equation 7 and estimating J from Chl fluorescence and
PFD. In addition to the uncertainties in Ry and T'*, this
method can be in error if the estimate of J is in error. The
errors in the estimate of g,, introduced into an ideal data set
by varying the values for J, Ry, and T'* by up to 10% are
summarized in Figure 5. For this analysis, C; was set to 250
pbar. As with the constant J method, the estimate of g, using
the variable J method was increasingly sensitive to errors as
the value of g, was increased. In addition, the estimate of g,
was much more sensitive to errors in J and I'* than in Rg.
For g = 0.2 mol m™? s™! bar™', a 10% overestimate in Ry
gave a 5% overestimate of g, for I'* the error was 53%, and
for J a 31% underestimate. A 10% overestimate of R, led to
a 4% underestimate of gn,, for I'* a 26% underestimate, and
for J a 233% overestimate (Fig. 5).

In addition, the sensitivity of the estimates depended upon

the sensitivity of g., to small errors was too great. Likewise, if
the slope was too low, the data were often unbelievable. The
acceptable range was described by the slope of C. versus (A +
R4). Because
c=T*[J+8A+R)/J-4(A+RJ], (9
then
dC./dA = 12-T*.J/[J — 4-(A + RY))> (10

We determined that data in the range of 10 < dC./dA <
50 were reliable. Any data set that fit this criterion (unshaded
region in Fig. 7) was accepted; data points outside this range

9m Ci = 250 pbar

% Error in Estimate of g,

I*

-50 1 T T T

0.90 0.95 1.00 1.05 1.10
Assumed / Actual Value of Parameter

Figure 3. Errors in the estimate of gn caused by using up to =10%

of the correct value for Rq or T'*. This error analysis applies to the
data in Figure 2.



MESOPHYLL CONDUCTANCE THEORY

20 A 0.60
o ®0 &
o 16 ® 00 - 0.48
- { O
» 0©°
o 12 ~ 0.36
E ® &
g 8- o - 0.24
3
< 4- O - 0.12
00— T T T T 0.00
0 100 200 300 400 500 600
C,, ubar
10
C
8
8 64
3
§ o
24
0 T T

! T
0.0 0.1 0.2 03 04 05
9 Mol m2 s~ bar!

1433

20

— -
N (-]
1 1

@ wi/4v
- -]
]

A, pmol m=2s-1

F'S
|

T T T T T
0 100 200 300 400 500 600

C,, ubar

=

A, pmol m—2s-1 O
® ~ >
| 1 |

F'S
1

o
|

T T T T T
0 100 200 300 400 500 600

C;, ubar

Figure 4. Experimental data from a leaf of Q. rubra. In A, photosynthetic CO, assimilation and AF/F, are shown as functions of C.. The best fit
of the model of photosynthesis with infinite g developed in the “Theory” section is shown in B. The light lines represent the extensions of
Rubisco or RuBP regeneration-limited photosynthesis in regions where photosynthesis was limited by another process. From this curve fitting,
maximum Rubisco activity was 32 umol m™2 s and J was 77 umol m™2 s™. The variance in J over the highest six points determined by the
constant J method is shown in C. In D, the fit of the model assumes g = 0.083 mol m=2 s™" bar™". In this case, the maximum Rubisco activity

was 58 yumol m~2 s~ and J was 90 umol m=2 s~".

(shaded regions in Fig. 7) were judged unacceptable. Many of
these g values were negative or unbelievably high, although
other points outside the acceptable range fit the expected
value.

The application of the variable J method to experimental
data obtained with Q. rubra and Eucalyptus globulus is shown
in Figure 8. In the case of Q. rubra, one measurement of g,
at low C; was higher than the rest; in E. globulus, g, appeared
to be unaffected by C,.

DISCUSSION

We have studied two similar techniques for determining
gm, both of which require a standard gas-exchange measure-
ment apparatus and the capability of simultaneously meas-
uring steady-state Chl fluorescence but do not require a ratio
mass spectrometer. In the constant J method, model param-
eters requiring estimation are Ry and I'*; it is sufficient to

demonstrate that J is constant over a given range of C; values.
For the variable J method, it is also necessary to obtain
quantitative estimates of J.

Not surprisingly, both techniques were quite sensitive to
measurement errors, particularly when g,, was high. The value
of g is inversely proportional to C; — C. (Eq. 1). As C; — C.
decreases, any error in the estimate of C. exerts an increasingly
large effect on the estimate of g.. It is apparent in Figure 1
that the difference between the curves is reduced as g, in-
creases, until the difference between g, = 0.4 and g, = 0.8
mol m~2s™" bar™! is very slight. Using ideal data sets generated
by the model, these slight differences can be resolved, but
applying the technique to measured gas-exchange data be-
comes increasingly problematic for g, above approximately
0.4 mol m~2s™! bar™'.

Both techniques were far more sensitive to errors in the
estimation of I'* than to errors in R, (Figs. 3 and 5); however,
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the value of I'* is more certain than that of R4. The value of
T'* may be determined either from in vitro Rubisco assays
(15, 16, 31, 32) or from careful analysis of measured leaf gas
exchange (2). Regardless of the technique used, estimates
of T* have been remarkably conservative. On the other
hand, both the interpretation and estimation of Ry remain
problematic.

The variable J method was more sensitive to errors in Ry
than the constant J method (Figs. 3 and 5) because the
constant J] method depends upon the response of A + R, to

25

Cj = 250 pbar
I+

10

-5

% Error in Estimate of g,
o
1

1
-
o

|

-15
75 J

50 —

25

-50

|
0.90 0.95 1.00 1.05 1.10
Assumed / Actual Value of Parameter
Figure 5. Errors in the estimate of g. induced by using +£10% of the

correct value for I'*, Rq, and J using the variable J method for
determining gm.
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pCO, and the variable J method depends upon the absolute
value of A + Ry. The constant J method requires only that J
remain constant over a range of C; values, whereas the variable
J method is quite sensitive to errors in the estimates of J
determined from Chl fluorescence. The fluorescence tech-
nique is relatively new and the underlying framework for this
estimation could change in the future. Furthermore, employ-
ing the variable J method requires that transport of electrons
to noncarboxylation reactions, such as nitrite reduction, re-
main a constant proportion of J.

-10

-15
50

25 -

-25 -

% Error in Estimate of g,
o
1

-50
75

-50

-75 1

0 100 200 300 400 500 600 700
C,, pbar

Figure 6. Errors in the variable J method caused by +5% error in Ry
and I'* or a +2% error in J as functions of C;.
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Figure 7. Plot of C. versus A + Ry assuming different values for J.
The values used for J are identified along the top of the graph in umol
m~2s™". The line showing where dC./dA = 50 (5 = 50) and the line
showing 6 = 10 are drawn. Only data lying between these two lines
were used for analyses because the method became too sensitive to
small errors in the data when data were in the shaded areas.

Given the potential errors in estimations made by the
variable J method, we chose to call measurements in which
dC./dA was less than 10 or more than 50 unreliable. However,
the estimates of J by fluorescence appear empirically correct
and Cornic and Briantais (3) have confirmed that the speci-
ficity of Rubisco in plant extracts is similar to that measured
in intact leaves using fluorescence techniques. Thus, we feel
that the relationship between fluorescence and J is well-
enough known to justify its use in the way we describe here.

In Figure 8, there are six estimates of g. for Q. rubra
averaging 0.137 + 0.027 mol m™2 s™' bar™!, and six estimates
for E. globulus averaging 0.115 + 0.026. Using the constant
J method, we obtained a value of 0.083 mol m~2 s~! bar™! for
a different leaf of Q. rubra. These fall below the low end of
values reported by von Caemmerer and Evans (30), which
ranged from 0.15 mol m™2 s™! bar™! for leaves with low rates
of CO, assimilation to 0.52 mol m~2 s™! bar™! for leaves with
extremely high rates. Given the low photosynthesis rates in
our study (Figs. 4 and 8), low values of g,, were expected and
are consistent with the linear relationship between g, and A
found by von Caemmerer and Evans (30). von Caemmerer
and Evans reported an average value of 0.7 for the ratio
between C. and C; when C, = 350 ubar. For Q. rubra and E.
globulus we determined values of 0.72 and 0.63, respectively,
using the variable J method, whereas the constant J method
yielded 0.55 for Q. rubra.

We believe that the two methods developed here will prove
useful for estimating g, in many species. Because these meth-
ods are substantially easier than the isotopic method available
until now, many more investigators may now be able to

02 IS
T ¢ o o,
s01] o & o * %
g
E00 -
o
T, 100 - % "o
o o
T w- & ob
]
gw:} = e =
=
U 154
T
S 10
E
=9
< 5
Eucalyptus globu lus Quercus rubra
0 T T T 7T T T T 1
0 100 200 300 400 500 O 100 200 300 400 500 600
Ci, pbar

Figure 8. Plot of gn, J, and A as functions of C;. The calculation of J
was made from Chl fluorescence and g. was calculated by the
variable J method. Data are shown for E. globulus and Q. rubra.

determine g... Each method has its advantages: the constant
J method is somewhat less sensitive to errors, whereas the
variable J method can be used to determine the effect of pCO-
on gn. In the accompanying paper (19), these two methods
are compared with the isotopic method and all of the methods
are used to determine g, of a large number of species and to
obtain more data on the effect of CO, on g,
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